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We conducted an interdisciplinary ecological study in and near 3 nearby proposed exploratory oil and gas
prospects in the offshore northeastern Chukchi Sea during the open-water seasons of 2008–2010. This region
exhibits a classical pelagic–benthic dichotomy of food-web structure in ecological function. The Klondike
study area borders the eastern edge of the Central Channel and functions as a pelagic-dominated ecosystem,
whereas the Burger study area lies south of Hanna Shoal and functions as a benthic-dominated ecosystem.
The Statoil study area, which is located north of Klondike and northwest of Burger, has both pelagic and
benthic attributes, although it is more like Burger than like Klondike. Klondike has lower benthic density and
biomass, a higher biomass of oceanic zooplankton, and more ﬁshes and planktivorous seabirds than does
Burger, which has benthic communities with high density and biomass, primarily neritic zooplankton, and
higher densities of benthic-feeding marine mammals than Klondike; Statoil has characteristics of both
ecosystems. Patterns of sea-ice retreat vary interannually; in some years, much of the northeastern Chukchi
is ice-free by mid-May, leading to pelagic and ice-edge phytoplankton blooms, whereas heavy ice cover in
other years leads to substantial within-ice production. The characteristics of this region during the open-
water season are not consistent among years, in that Bering Sea Water impinges onto all study areas only in
some years, resulting in interannual variation in the distribution and abundance of zooplankton, planktivor-
ous seabirds, and pelagic-feeding seals. These interannual variations alter several aspects of this pelagic–
benthic dichotomy, and some aspects of this region suggest unusual structure (e.g., replacement of benthic-
feeding ﬁshes in some areas by predatory invertebrates, a lack of benthic-feeding seaducks).
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The Chukchi Sea forms an ecological transition zone between
the boreal–arctic Bering Sea and the high-arctic Arctic Ocean
(Grebmeier et al., 2006a). The high productivity of this region
has been seasonally exploited by seabirds, marine mammals, and
indigenous peoples for millennia and has been exploited commer-
cially for selected species for nearly 2 centuries (Thompsonr Ltd.
.
Way, Seattle, WA 98115, USA.
Open access under CC BY-NC-Nand Person, 1963; Bockstoce, 1986). Although oceanographic
investigations in the region stretch back nearly a century, sampling
has been sporadic and somewhat haphazard overall and most
often has focused on speciﬁc components of the ecosystem until
recent decades (Hopcroft et al., 2008). This absence of a systematic
research program in the northeastern Chukchi Sea differs from
that seen in the southern Chukchi (Walsh et al., 1989), possibly
due to challenges associated with persistent seasonal ice-cover
farther north. The only systematic interdisciplinary oceanographic
sampling in and near the northeastern Chukchi was conducted
during the Outer Continental Shelf Environmental Assessment
Program of the 1970s to the early 1990s (e.g., Feder et al., 1994a,
1994b; Barber et al., 1997), the Western Arctic Shelf–Basin
Interactions (SBI) Project of 2002–2004 that focused on the
Chukchi shelf-break (e.g., Grebmeier and Harvey, 2005), theD license.
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the present (RUSALCA; http://www.arctic.noaa.gov/aro/russian-
american/), and the Chukchi Sea Offshore Monitoring in the
Drilling Area—Chemical and Benthos study of 2010 to the present
(COMIDA—CAB; e.g., Dunton et al., 2012). As a consequence of the
absence of a long-term, systematic research program, data col-
lected to date have led to an imperfect understanding of how the
extensive continental shelf in the northeastern Chukchi functions
ecologically. This lack of understanding of how this system func-
tions results in uncertainty about a region that is beginning to
experience the effects of climate change (Grebmeier et al., 2006b),
making predictions about potential effects of change on this area
difﬁcult at a time when it is simultaneously undergoing explora-
tion for oil and gas reserves.
To increase our understanding of the northeastern Chukchi Sea
ecosystem, we conducted an interdisciplinary ecological study in
2008–2010 in and near 3 proposed exploratory oil and gas
prospects during the open-water season. Prior to the beginning
of this study, available information suggested that the north-
eastern Chukchi would be a fairly simple ecosystem. It is a broad,
shallow arctic shelf that appears to be a primarily benthic-
dominated system without much spatial variation in ecology this
far north (Grebmeier et al., 2006a). Although not all marine taxa
show latitudinal variation in diversity (Gobin and Warwick, 2006),
this area's high-latitude setting also suggested that it would be a
fairly simple shelf ecosystemwith limited diversity for several taxa
(Levinton, 1982; Kendall and Aschan, 1993; Power, 1997; Willig
et al., 2003; Hillebrand, 2004; Mecklenburg et al., 2011). Here, weFig. 1. Northeastern Chukchi Sea, Alaska, showing main features, schematic of the meanuse the information collected by the Chukchi Sea Environmental
Studies Program during 2008–2010 and presented in the other
papers in this collection (Aerts et al., 2013; Blanchard et al., 2013a,
2013b; Gall et al., 2013; Norcross et al., 2013; Hannay et al., 2013;
Mathis and Questel, 2013; Questel et al., 2013; Weingartner et al.,
2013) to describe the main ecological features of the offshore
northeastern Chukchi Sea and to propose a conceptual model of
the oceanography and ecology of this region. We propose that the
different origins and characteristics of the three main water-masses
(Bering Sea Water [BSW], Meltwater [MW], and Winter Water
[WW]; sensu Coachman et al., 1975) in the study region, in
conjunction with the physical oceanography of the area, create
two adjacent ecosystems that have different biological and chemical
properties, patterns of production, and food-web structure. In
addition, we discuss several unusual aspects of the offshore north-
eastern Chukchi ecosystem.2. Methods
2.1. Study area
This study was conducted on the continental shelf of the
northeastern Chukchi Sea, Alaska, south and southwest of Hanna
Shoal (Fig. 1). The general area is a shallow, broad shelf that ranges
primarily from ~35 m to ~45 m in depth. Hanna Shoal forms the
shallowest feature in the area, being only ~26 m deep at the
summit. The study area lies ~100–200 km northwest of the villagecirculation, and study-area boxes. Currents modiﬁed fromWeingartner et al. (2008).
Fig. 2. Study area in the northeastern Chukchi Sea showing study-area boxes and layout of oceanographic stations, bird/mammal survey lines, and acoustic moorings.
R.H. Day et al. / Continental Shelf Research 67 (2013) 147–165 149of Wainwright and west of the village of Barrow, both of which are
located on the northwestern coast of Alaska. This area is ice-
covered most of the year, with an open-water season historically
ranging from approximately July through November (Weingartner
et al., 2005).
The northeastern Chukchi Shelf is affected by 4 primary water-
masses, 2 of which ﬂow northward from Bering Strait (Coachman
et al., 1975; Weingartner et al., 1998, 1999, 2005; Hopcroft et al.,
2008) and 2 of which are created locally. Alaskan Coastal Water
(ACW) ﬂows northward from Bering Strait just off the coast of
Alaska and into Barrow Canyon via the Alaskan Coastal Current.
Bering Sea Water (BSW) ﬂows northward from Bering Strait across
the shelf along two principal pathways; the Central Channel and,
in the western Chukchi, Herald Canyon. However, some BSW ﬂowseastward from the Central Channel and eventually merges with
ACW at the head of Barrow Canyon. The Alaskan Coastal Current
transports ACW northward along the coast towards Barrow
Canyon. Water ﬂowing into Barrow and Herald canyons exits the
Chukchi shelf via those two canyons, whereas circulation models
(Winsor and Chapman, 2004; Spall, 2007) suggest that some of
the water ﬂowing through the Central Channel ﬂows clockwise
around northern Hanna Shoal and eventually joins the Barrow
Canyon outﬂow. The mean ﬂow over Hanna Shoal appears to be
weak, suggesting that waters here are renewed intermittently and
fairly slowly. The other regional water masses of concern are
Winter Water (WW) and Meltwater (MW). WW is cold and saline
and results from salt expulsion during the formation of sea ice in
the winter. WW covers the entire shelf by mid-winter but
R.H. Day et al. / Continental Shelf Research 67 (2013) 147–165150gradually is replaced in the summer and fall by ACW and BSW
arriving from the Bering Sea. The MW is cold and dilute and forms
as sea ice melts and mixes with ambient shelf water during the
summer. In the northeastern Chukchi, the lowest concentrations of
nutrients and marine carbon in summer occur in ACW, and theYe
ar
Month
2009
2010
August September OctoberJuly
2008
Jul/Aug Aug/Sep Sep/Oct
23 Jul 18 Aug
19 Aug 22 Sep
22 Sep 12 Oct
12 Aug 30 Aug
4 Sep 22 Sep
23 Sep 17 Oct
3 Aug 27 Aug
28 Aug 19 Sep
1 Oct 8 Oct
Fig. 3. Schedule for research cruises conducted in the northeastern Chukchi Sea,
2008–2010.
Fig. 4. Vertical sections of temperature (1C) and salinity in the northeastern Chukchi Sea
from southwestern Klondike (left) to northeastern Burger (right); distances along X-axishighest occur in BSW (Walsh et al., 1989). In addition, nutrient
concentrations tend to be high in WW but low in MW.
We collected data in 3 study areas named Klondike, Burger, and
Statoil that were located in areas of interest for oil and gas
exploration (Figs. 1 and 2). We sampled Klondike and Burger in
2008–2010 and added Statoil and a set of 6 Transitional stations in
2010 to increase our understanding of the zone between the study
areas. Klondike and Burger each are 3030 NM (~55 ~55 km) on
a side, for a total area of ~3000 km2 each. Statoil is irregularly
shaped but has the same total area and shares a border with
Burger. Klondike lies along the eastern edge of the Central Channel
ﬂow, as does western Statoil; Burger lies south of Hanna Shoal and
southeast of Statoil.
2.2. Data collection
We collected data during the open-water season of 2008–2010
during multiple cruises year−1 (Fig. 3) to each of 3 study areas
within our study region (Figs. 1 and 2). We sampled the Klondike
and Burger study areas 3 times each in 2008–2009 and sampled
the Klondike and Statoil study areas 2 times each and the Burger
study area 3 times in 2010. We also sampled a set of 6 Transitional, by cruise (top to bottom: Jul/Aug, Aug/Sep, Sep/Oct), 2008. Sections run diagonally
are in kilometers. BSW¼Bering Sea Water, MW¼Meltwater. WW¼Winter Water.
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zone between Klondike and Burger/Statoil. We conducted seabird
and marine-mammal surveys throughout each study area during
each cruise. We used acoustic moorings to study marine-mammal
vocalizations and ambient environmental noise throughout the
open-water period. Detailed methodology for each component of
this study is described in the other papers in this collection and
will be outlined brieﬂy here: physical oceanography (Weingartner
et al., 2013), nutrients and zooplankton (Questel et al., 2013),
ocean acidiﬁcation (Mathis and Questel, 2013), benthic ecology
(Blanchard et al., 2013a, 2013b), ﬁsh ecology (Norcross et al., 2013),
seabird ecology (Gall et al., 2013), marine–mammal ecology (Aerts
et al., 2013), and marine–mammal acoustics (Hannay et al., 2013).
During the research cruises, we surveyed in Klondike and
Burger a series of 25 ﬁxed stations (22 in Statoil) that were laid
out in a grid with 7.5-NM (~13.75-km) spacing (“ﬁxed stations”), a
series of 13 randomly located stations (“random stations”; all
3 study areas) that were used to increase statistical power for
the benthic-sampling program, and a series of bird/mammal
survey lines that were aligned in a north–south direction
and spaced 2 NM (~3.7 km) apart (Fig. 2). We collected CTDFig. 5. Vertical sections of temperature (1C) and salinity in the northeastern Chukchi Sea
from southwestern Klondike (left) to northeastern Burger (right); distances along X-axiwater-column proﬁles, water samples for macronutrients, chlor-
ophyll-a, and ocean acidiﬁcation (2010 only), and biological
samples of zooplankton, benthic macrofauna and megafauna,
and pelagic and demersal ﬁshes (2009–2010 only) at ﬁxed stations
in the 3 study areas. We also collected CTD water-column proﬁles
and samples of benthic macrofauna at the random stations and
collected samples for all disciplines except ocean acidiﬁcation and
ﬁsh ecology at the Transitional stations in 2010. Heavy ice made
sampling part of Klondike and the northeastern half of Burger
impossible in July/August 2008 and prevented us from sampling
the northwesternmost station in Klondike in July/August 2010.3. Results
Here, we present the most important ﬁndings of each study
component in the context of 3 ecological aspects: spatial variation,
seasonal variation, and interannual variation. The emphasis will be
on spatial variation, with additional information on seasonal and
interannual variation presented when applicable., by cruise (top to bottom: Jul/Aug, Aug/Sep, Sep/Oct), 2009. Sections run diagonally
s are in kilometers. Water-masses as in Fig. 4.
Fig. 6. Vertical sections of temperature (1C) and salinity in the northeastern Chukchi Sea, by study area and cruise (top to bottom: Jul/Aug, Aug/Sep, Aug/Sep in Burger to
Statoil section), 2010. Top 2 sections run diagonally from southwestern Klondike (left) to northeastern Burger (right); bottom section runs from northwestern Statoil (left) to
southeastern Burger (right); distances along X-axis are in kilometers. Water-masses as in Fig. 4.
R.H. Day et al. / Continental Shelf Research 67 (2013) 147–1651523.1. Physical oceanography
The sampling design allowed us to capture environmental and
ecosystem transitions from late July/August through late Septem-
ber/early October. Remarkably, these transitions proceeded differ-
ently across each study area, although these areas are close to one
another and represent only a portion of the northeastern Chukchi
shelf (Figs. 4–6). Sea ice begins melting in May, forming a strongly
stratiﬁed, two-layered structure consisting of a surface layer of
cool, dilute Meltwater (MW) overlying cold, saline Winter Water
(WW; Codispoti et al., 2005). By the time of our surveys, much or
all of the ice had retreated, although the retreat rate and patterns
differed among years (Weingartner et al., 2013), and Bering Sea
Water (BSW) had begun to inﬁltrate the region. The BSW spread
eastward from the vicinity of the Central Channel, moving ﬁrst
into Klondike, then into Statoil, and into Burger 4–6 weeks later.
(However, portions of Statoil and Burger may retain the MW–WW
structure into October.) This displacement of WW appears to be
largely governed by barotropic, geostrophic processes, so that the
strongly stratiﬁed MW–WW two-layered structure gives way to
the warmer, moderately-salty, and less-stratiﬁed BSW. Thevariation in timing of water-mass transitions across the study
areas clearly is linked to the proximity of Klondike and western
Statoil to the Central Channel; however, other factors also may
occur simultaneously. For example, it appears that Burger receives
contributions of MW and WW (at least episodically) from the
eastern side of Hanna Shoal, as suggested by numerical models
(Winsor and Chapman, 2004, Spall, 2007) and by the glider
observations reported by Weingartner et al., 2013). Sea-ice and/
or MW tends to be trapped over Hanna Shoal (Martin and Drucker,
1997; Weingartner et al., 2005), suggesting that the shoal is a
reservoir for MW that intermittently is discharged southward into
Statoil and Burger under northerly winds. Finally, theory suggests
that dense bottom-conﬁned pools, such as those formed by WW,
tend to stagnate (Hill, 1996) and so require time to dissipate or be
displaced.
Although these basic spatial and seasonal patterns held in each
year sampled, there was considerable interannual variability
(Figs. 4–6). For example, 2008 was cooler than the other years,
and ice remained over portions of Burger and Hanna Shoal
through the end of August; BSW was mainly conﬁned to Klondike,
whereas Burger (and possibly Statoil, which was not sampled that
Fig. 7. Bottom temperatures (1C) in the northeastern Chukchi Sea in August–September 2010. Contouring is calculated with a kriging model.
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when we ﬁrst arrived to sample, and conditions were markedly
warmer because BSW encompassed Klondike and most of Burger
(and, presumably, Statoil), with MW occurring only over north-
eastern Burger. Conditions in 2010 were intermediate between the
other 2 years, in that ice was present over portions of the region
initially but disappeared quickly and BSW was present throughout
Klondike and the western and southern portions of Burger and
Statoil.
Bottom temperatures show a dramatic spatial difference
between Klondike and Burger/Statoil in 2010 and illustrate how
different the benthic thermal environment can be during the
open-water season (Fig. 7). Warm BSW covered all of Klondike,
with bottom temperatures up to þ6.12 1C, whereas the cold WW
covered Burger and most of Statoil with temperatures as low as
−1.57 1C. Warmer waters around 0 1C occurred along western
Statoil, southern Burger, and the Transitional stations between
Klondike and Burger. This ﬁgure forms an example of the kinds of
spatial differences that occurred in the bottom water in all years;
Weingartner et al. (2013) show additional plan-view plots of
bottom temperatures in the various cruises and years.
3.2. Nutrients and chlorophyll-a
During our surveys, nutrients had been stripped out of the
upper layers of the water-column (data not shown here) and werepresent only below the pycnocline, presumably as a result of
remineralization occurring in the WW and/or a result of advection
of nutrients remineralized within BSW farther south. Similarly,
chlorophyll-a concentrations were low and present mainly as a
subsurface maximum slightly below the pycnocline in all cruises
except July/August 2008, when we detected the end of a phyto-
plankton bloom (as indicated by high chlorophyll-a concentra-
tions) in Klondike and Burger that probably was associated with
ice-edge processes (Fig. 8). Spatial, seasonal, and interannual
nutrient concentrations (data not shown here) followed a pattern
similar to that for chlorophyll-a concentrations.3.3. Ocean acidiﬁcation
Aragonite saturation states (Ω; Fig. 9) showed spatial, seasonal,
and depth-related differences. In general, the saturation state
decreased as the summer progressed and with increasing depth.
Minimal calcite saturation states never dropped below 1.0, which
is the point at which dissolution of calcite in invertebrate exoske-
letons would occur. However, there was a spatial difference in the
minimal aragonite saturation state: it dropped below 1.0 in
Klondike and Statoil only at one station during August/September,
but it dropped in Burger at all but one station 30 m or deeper
during September/October. The lowest aragonite saturation state
recorded was ~0.7, or well into the range at which aragonite would
Fig. 8. Integrated chlorophyll-a (plotted over a log scale) sampled at six depths in the northeastern Chukchi Sea, by study area, cruise, and year, 2008–2010 (from Questel
et al., 2013).
Fig. 9. Plots of aragonite saturation states by depth at the Klondike (top) and Burger (bottom) study areas in the northeastern Chukchi Sea, by study area and cruise, 2010.
The plot for the Statoil study area is nearly identical to that for Klondike and is not shown here (modiﬁed from Mathis and Questel, 2013).
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to those of aragonite but never dropped below 1.0.3.4. Zooplankton
The zooplankton community was represented by 80 taxa in
8 major groups: copepods, larvaceans, chaetognaths, hydrozoans,
meroplankton (primarily larval polychaetes, bivalves, and barna-
cles), scyphozoans, pteropods, and euphausiids (Fig. 10). Copepods
generally constituted the most biomass, followed in decreasing
order by chaetognaths and meroplankton. There was substantial
variation between net-sizes in biomass of the various planktonic
groups. In general, copepods, larvaceans, and meroplankton (in
decreasing order) constituted the highest biomass in the 150-μm-
mesh nets, whereas copepods and, secondarily, chaetognaths
constituted the highest biomass in the 505-μm-mesh nets.
Biomass varied spatially, in that copepods always had a higher
biomass in Klondike than in the other study areas, as did
euphausiids in years when they were common (Fig. 10). The onlyFig. 10. Contribution of the major zooplankton groups to the community biomass
(mg DWm−3) during July/August in the northeastern Chukchi Sea, by study area,
year, and mesh-size of plankton net, 2008–2010 (modiﬁed from Questel et al.,
2013). Circles are scaled by total biomass (DWmg m−3) in a sample.
2D Stress: 0.2150-µm 5
2008
2009
2010
Fig. 11. NMDS ordination plots of Bray–Curtis similarities for zooplankton communitie
Chukchi Sea, 2008–2010; a small distance between samples represents a high degree of
seasonal change of communities in each study area by cruise.time when the biomass of copepods in Burger and Statoil
approached that in Klondike was in 2010, when BSW covered
Klondike and most of Statoil and Burger (see “Section 3.1”, above).
Biomass also varied interannually, being highest for all groups in
2010, second-highest in 2009, and lowest in 2008. Large oceanic
copepods and euphausiids, both of which are important prey for
upper trophic levels, had the highest biomass in 2010 and 2009,
respectively, and the least in 2008.
MDS plots for both the 150- and 505-mm-mesh nets showed
distinct spatial clustering in each of the 3 years (Fig. 11), indicating
differences among study areas in community composition, with
the 150-mm nets showing tighter station clustering than the 505-
mm nets. The planktonic communities underwent a seasonal
progression in each study area, with the patterns of change related
to the physical characteristics, especially temperature, of each
study area.3.5. Benthos
The benthic environment differed among study areas and
years. Burger and the Transitional stations were muddier overall
than was Klondike, which in turn was sandier than the other
areas; in contrast, Statoil was intermediate between Klondike and
Burger in terms of percent mud and sand (Fig. 12). Species-
composition of the benthic macrofauna was similar among study
areas, but the relative numbers of various species differed among
areas. Mean density (individuals m−2) in the 3 study areas ranged
from 794 at Klondike in 2008 to 3979 at Burger in 2009, and mean
biomass (g m−2) ranged from 115 at Klondike in 2009 to 355 at
Statoil in 2010 (Fig. 12).
Repeated-measures ANOVAs of benthic macrofaunal data from
Klondike and Burger in 2008–2010 indicated that Klondike had
lower mean density and biomass than Burger did (Fig. 12). The
Study area*Year interactions for density appear to arise from lower
values for Burger in 2010, which had a much larger change from
2008 and 2009 than did Klondike. Statoil, which was sampled only
in 2010, was intermediate between Klondike and Burger, with
lower density (like Klondike) but higher biomass (like Burger). The
Transitional stations had lower density than Burger and higher
biomass than Klondike.
In addition to differences in mean densities and biomass, the
MDS plots of macrobenthic community composition indicated
dramatic differences among study areas (Fig. 13). The commu-
nity composition of Klondike stations showed low similarity to
stations from Burger and Statoil, and only about half of the
stations in Statoil overlapped with those in Burger and the
Transitional stations. There was little interannual separation of2D Stress: 0.1905-µm
2008
20092010
s in 150-mm (left) and 505-mm (right) nets among study areas in the northeastern
similarity (modiﬁed from Questel et al., 2013). Colored arrows indicate direction of
Fig. 12. Percent mud (top left), sand (top right), and mean density (individuals m−2; bottom left) and biomass (g m−2; bottom right) of benthic macrofauna in the
northeastern Chukchi Sea, by study area and year, 2008–2010 (modiﬁed from Blanchard et al., 2013a).
Fig. 13. NMDS ordination plot of Bray–Curtis similarities for benthic macrofaunal
communities among study areas in the northeastern Chukchi Sea, 2008–2010; a
small distance between samples represents a high degree of similarity (modiﬁed
from Blanchard et al., 2013a).
R.H. Day et al. / Continental Shelf Research 67 (2013) 147–165156study areas, with the exception of Burger in 2010, when a few
stations were different enough to be separated slightly from the
other Burger stations. Overall, the mean similarity was 46% for
stations in Klondike, 56% for stations in Burger, and 48% for
stations in Statoil.
Species-composition of the benthic invertebrate megafauna
also was similar among study areas, but the relative numbers of
various species differed among areas; biomass also differed amongareas. Mean density (individuals 1000 m−2) ranged from 5447 at
the Transitional stations in 2010 to 133 755 at Burger in 2009;
mean biomass (g 1000 m−2) ranged from 2706 at the Transitional
stations in 2010 to 95 765 at Burger in 2009 (Fig. 14).
The benthic megafaunal community differed among study
areas but not by cruise, with repeated-measures ANOVAs for
Klondike and Burger 2009–2010 indicating study-area effects for
both density and biomass; both attributes were higher in Burger
than in Klondike (Fig. 14). Statoil and the Transitional stations
were sampled only in 2010, so no temporal comparisons are
possible; however, density and biomass in those two areas were
low and similar to those in Klondike.
In addition to differences in mean density and biomass,
community composition of the benthic megafaunal community
differed among study areas (Fig. 15) even more strongly than the
pattern seen for the benthic macrofaunal community (Fig. 13).
The community composition of Klondike stations showed low
similarity to stations from Burger and Statoil, and the community
composition of about half of the stations in Statoil showed low
similarity to stations in either Klondike or Burger; however, the
community composition of about half of the stations in Statoil
and Burger overlapped extensively with Transitional stations.
Overall, the mean similarity was 58% for stations in Klondike, 65%
for stations in Burger, and 65% for stations in Statoil.
3.6. Demersal ﬁshes
The demersal ﬁsh community of the northeastern Chukchi Sea
is a mixture of circumpolar species (e.g., Arctic cod Boreogadus
Fig. 14. Mean density (103 individuals 1000 m−2; left) and biomass (103 g 1000 m−2; right) of benthic megafauna in the northeastern Chukchi Sea, by study area and year,
2008–2010. Note the break in the Y-axis on the left plot (modiﬁed from Blanchard et al., 2013b).
Fig. 15. NMDS ordination plot of Bray–Curtis similarities for benthic megafaunal
communities among study areas in the northeastern Chukchi Sea, 2008–2010; a
small distance between samples represents a high degree of similarity (modiﬁed
from Blanchard et al., 2013b).
Fig. 16. Mean density of demersal ﬁshes (individuals 1000 m−2) captured by
plumb-staff beam trawl in the northeastern Chukchi Sea, by study area, 2009–
2010. Contouring is calculated with a kriging model, and data are grouped into 10
classes with Jenks Natural Breaks (from Norcross et al., 2013).
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subarctic species from the northern Bering Sea (e.g., Bering
ﬂounder Hippoglossoides robustus). There was spatial variation in
catch rates of ﬁshes across 2009 and 2010 combined (Fig. 16). The
highest overall density of ﬁshes occurred in Klondike, where mean
catches at a station of up to 207 ﬁsh 1000 m−2 were recorded, and
the lowest overall density occurred in Statoil, where catches at a
station of 16–91 ﬁsh 1000 m−2 were recorded; overall densities in
Burger were intermediate and, with the exception of one station,
much more similar to those in Statoil than those in Klondike.
The MDS plot of the demersal-ﬁsh community (Fig. 17) is
similar to that for benthic macrofauna (Fig. 13), in that community
composition in Klondike had only partial similarity to the com-
munities in Burger and Statoil, which had a high degree of
similarity to each other. A few stations in Burger, however, were
quite different from others in Statoil and instead were unique or
were similar to those from Klondike. Overall, the mean similarity
was 37% for stations in Klondike, 37% for stations in Burger, and
51% for stations in Statoil; presumably, stations in Statoil had a
higher degree of similarity because they were sampled only once,
whereas Klondike and Burger were sampled three times over
multiple seasons and years.Spatial differences among study areas also were seen in a plot
of species-richness of the demersal ﬁsh community (Fig. 18). The
highest overall number of species occurred in Klondike, where
8–12 species station–1 generally were recorded, and the lowest
occurred in a swath across Burger and Statoil, where 2–4 species
station–1 generally were recorded. As indicated above, many of the
additional species recorded in Klondike were species such as
ﬂatﬁshes originating from the Bering Sea.
High densities and species-richness in the demersal ﬁsh com-
munity of the northeastern Chukchi Sea (Figs. 16 and 18) occurred
where bottom temperatures were warmest (Fig. 7). The warmest
Fig. 17. NMDS ordination plot of Bray–Curtis similarities for demersal-ﬁsh com-
munities among study areas in the northeastern Chukchi Sea, 2010; a small
distance between samples represents a high degree of similarity (modiﬁed from
Norcross et al., 2013).
Fig. 18. Species-richness (number of species station-1) of the demersal ﬁsh
community in the northeastern Chukchi Sea, 2009-2010, based on plumb-staff
beam-trawl collections. Contouring is calculated with a kriging model, and data are
grouped into 10 classes with Jenks Natural Breaks (from Norcross et al., 2013).
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temperatures occurred as part of the pool of cold WW in Burger
and part of Statoil.
3.7. Seabirds
The seabird community of the northeastern Chukchi consists of
a mixture of Holarctic species (e.g., loons Gavia spp., phalaropes
Phalaropus spp., black-legged kittiwake Rissa tridactyla, glaucous
gull Larus hyperboreus, arctic tern Sterna paradisaea, murres Uria
spp.), Beringian species (e.g., auklets Aethia spp., Kittlitz's murrelet
Brachyramphus brevirostris), northeastern Palearctic species (e.g.,
Ross's gull Rhodostethia rosea), and Australasian species spending
their nonbreeding season in the Northern Hemisphere (short-
tailed shearwater Pufﬁnus tenuirostris). This community reﬂectedseasonal and interannual differences in the distribution of the two
main surface water-masses among study areas (Fig. 19), with all
differences being signiﬁcant in ANOVAs (Gall et al., 2013). In 2008,
a year in which BSW, which contained larger oceanic zooplankton,
extended over Klondike but not Burger (Fig. 4), zooplankton-
feeding seabirds such as crested auklets (Aethia cristatella)
occurred in higher densities in Klondike. In 2009 and 2010, when
BSW water extended over nearly all study areas (Figs. 5 and 6),
crested auklets likewise occurred in all study areas and were as
common as or more common in Burger and Statoil than in
Klondike. Deep-diving piscivores such as thick-billed murres (Uria
lomvia) showed a similar preference for BSW, although densities
always were highest in Klondike.
Zooplankton-feeding phalaropes (surface-feeding) and short-
tailed shearwaters (shallow-diving) showed high variability in
densities and in use of study areas (Fig. 19). Phalaropes occurred
in higher densities Klondike in 2008, Burger in 2009, and both
Klondike and Statoil in 2010. In contrast, when they were present,
short-tailed shearwaters used all areas in August/September,
although there was a slight preference for BSW; however, they
apparently ﬂood the entire Chukchi Sea during the month of
September. Surface-feeding generalists such as black-legged kitti-
wakes occurred essentially everywhere, but in low densities.
The MDS analysis of the seabird community indicated a
substantial difference in the community among areas and that
the seabird community was much more variable in Burger than in
Klondike or Statoil (Fig. 20). Overall communities were similar
between Klondike and Statoil, whereas the seabird community in
Burger was extremely variable. Much of that variability resulted
from the cold year of 2008 and the cruise in September/October
2009, when Burger cooled and cold MW encroached to the
southwest, back onto much of Burger (Fig. 5).
3.8. Marine mammals
Sightings of whales (Cetacea) were rare during the open-
water season; pinnipeds were the most commonly observed
species. The distribution and abundance of pinnipeds indicated
an effect of ice on abundance and the effect of water-masses on
distribution and abundance. There was extensive overlap in
use of areas by all species, but the relative numbers of various
species differed among study areas (Fig. 21). In 2008, sea ice
was present in the study areas until early September in
Klondike and mid-September in Burger, whereas both 2009
and 2010 were low ice years (although ice occurred immedi-
ately north and west of the study areas in early August 2010).
Reﬂecting these interannual differences in the amount of ice
present, densities of pagophiles such as ringed (Pusa hispida)
and spotted seals (Phoca largha; especially in Klondike) were
highest in 2008.
In addition to the effects of sea ice on densities of pinnipeds,
densities of the various species differed among study areas
(Fig. 21), reﬂecting changes in the spatial distribution in water-
masses discussed earlier. Pelagic-feeding seals such as ringed
and spotted seals occurred in higher densities in Klondike than
in Burger in 2008, reﬂecting the occurrence of BSW only over
Klondike that year, but occurred in similar densities among
areas in 2009 and 2010, when BSW covered nearly all 3 study
areas. In contrast, benthic-feeding seals such as bearded seals
(Erignathus barbatus) and walruses (Odobenus rosmarus)
occurred in higher densities in Burger and Statoil than in
Klondike.
Similar to the visual observations of marine mammals, data on
marine-mammal vocalizations also suggest higher densities of
benthic-feeding species such as bearded seals (Fig. 22) and
walruses (Fig. 23) in the vicinity of Burger and Statoil. In 2010,
Fig. 19. Mean (795% CI) density (birds km−2) of seabirds in the northeastern Chukchi Sea, by study area, season, and year, 2008–2010 (modiﬁed from Gall et al., 2013). Range
of values on the y-axis differs among species, and one value for short-tailed shearwaters beyond the range of the axes is written out in one ﬁgure.
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Statoil and Burger and in the southern part of Hanna Shoal. In both
2009 and 2010, walrus call counts were concentrated in the
northeastern part of Burger and southern Hanna Shoal. Secondaryconcentrations seen in Fig. 23 occurred at coastal haulouts near
Wainwright and Point Lay late in the summers of 2009 and 2010,
respectively. Because sea ice was absent over Hanna Shoal during
the open-water season in both years, it appears that the walruses
Fig. 20. NMDS ordination plot of Bray–Curtis similarities for seabird communities
among study areas in the northeastern Chukchi Sea, 2008–2010; a small distance
between samples represents a high degree of similarity (modiﬁed from Gall et al.,
2013).
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Fig. 21. Mean (795% CI) density (individuals km−2) of ringed/spotted seals,
bearded seals, and walruses in the northeastern Chukchi Sea, by study area and
year, 2008–2010 (from Aerts et al., 2013).4. Discussion
4.1. Spatial variation
The evidence presented here indicates that there are two
ecosystems with different food-web structure lying side-by-side
in the northeastern Chukchi Sea, south of Hanna Shoal, during the
open-water season. The ﬁrst ecosystem is more of a pelagic system
occurring in and near Klondike and western Statoil, whereas the
second ecosystem is more of a benthic system occurring in Burger
and eastern Statoil (Fig. 24).
The pelagic-dominated system reﬂects the effects of Bering Sea
Water (BSW) in the Central Channel ﬂow, where this warm,
moderate-nutrient water from the Bering Sea ﬂows northward
through Klondike and curves around western Hanna Shoal and, hence,
over western Statoil. When contrasted with the benthic-dominated
system, this system has more oceanic zooplankton, with presumably
higher grazing capacity (Questel et al., 2013); a lower tendency for
excessive ocean acidiﬁcation (Mathis and Questel, in review); a higher
percentage of sand and a lower percentage of mud in sediments,
suggesting a non-depositional environment with bottom currents that
are strong enough to wash away much of the mud (Blanchard et al.,
2013a); and lower densities and biomass of benthic macrofauna
(Blanchard et al., 2013a) and megafauna (Blanchard et al., 2013b). This
system also has a higher density and species-richness of demersal
ﬁshes (Norcross et al., 2013), generally higher densities of
zooplankton-feeding seabirds such as auklets (Gall et al., 2013), and
higher densities of pelagic-feeding seals such as ringed and spotted
seals (Aerts et al., 2013) than are seen in Burger and Statoil in years in
which BSW occurs only over Klondike.
The benthic-dominated system reﬂects the effects of both Melt-
water (MW) and Winter Water (WW) on patterns of energy ﬂow, in
that this cold water, which appears to function like more of a coastal
neritic system with low grazing effort by small zooplankton, essen-
tially just sits over Burger and eastern Statoil. When contrasted with
the pelagic-dominated system, this system has fewer oceanic andmore neritic zooplankton, with presumably lower grazing capacity
(Questel et al., 2013); a tendency for ocean acidiﬁcation to increase to a
level at which the dissolution of aragonite occurs in the fall (Mathis
and Questel, in review); a lower percentage of sand and a higher
percentage of mud in sediments, suggesting a depositional environ-
ment (Blanchard et al., 2013a); and higher densities and biomass of
benthic macrofauna (Blanchard et al., 2013a) and megafauna
(Blanchard et al., 2013b). This system also has a lower density and
species-richness of demersal ﬁshes (Norcross et al., 2013), generally
lower densities of zooplankton-feeding seabirds such as auklets and
more generalists such as gulls (Gall et al., 2013), and higher densities of
benthic-feeding seals such as bearded seals and walruses (Aerts et al.,
2013). In addition, there is a near-absence of detritus-feeding
Fig. 22. Frequencies of call counts of bearded seals in the northeastern Chukchi Sea in summer 2010, based on acoustic sampling (from Hannay et al., 2013).
Fig. 23. Frequencies of call counts of walruses in the northeastern Chukchi Sea in summer 2009 (left) and 2010 (right), based on acoustic sampling (from Hannay et al.,
2013).
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Burger (J. Hardin, Exponent, Mill Valley, CA, unpublished data), and,
presumably, much of Statoil.
These ecosystem-level differences are expressed in the MDS
plots of community analyses. Those analyses almost always
showed distinct domains for the zooplankton communities from
each study area on each cruise within each year; strong similarities
in the benthic macrofaunal and megafaunal communities of
Burger and about half of those in Statoil, with little overlap of
both areas with the communities of Klondike; differences betweenthe demersal-ﬁsh communities of Klondike and those in Burger
and Statoil; and strong similarities in the seabird communities of
Klondike and Statoil, with moderate overlap of these areas with
the seabird communities of Burger.
Many of the interannual differences in the zooplankton and
seabird communities (and, to some extent, the pelagic-seal com-
munity) can be attributed to interannual variation in the location
and areal extent of both BSW and MW. It appears that the seabird
community in Burger is considerably more variable than that in
both Klondike and Statoil because BSW extends there in only some
Fig. 24. Schematic representation of primary attributes of the Klondike (left front box), Burger (right rear box), and Statoil (left rear box) study areas, northeastern
Chukchi Sea.
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community, which follows the areal extent of the same water-
masses, as does the abundance of pelagic-feeding seals.
These spatial differences in ecological systems and their asso-
ciated communities reﬂect differences among areas in environ-
mental properties. These differences in movement of water are
reﬂected in the eventual exclusion of WW from the bottom of
Klondike and western Statoil over the summer and the warmer
bottom temperatures over Klondike but the pool of cold WW just
above freezing on the bottom in Burger and most of Statoil. These
differences also are reﬂected in the tendency for coarser sediments
(sand, gravel) in Klondike because of stronger bottom currents and
the tendency for ﬁner sediments (mud) in Burger and Statoil
because of slower current speeds and deposition of material,
including carbon. We expanded the spatial coverage of the study
area to cover the entire greater Hanna Shoal region in 2011–2012
to determine the spatial extent of these environmental properties.
4.2. Seasonal and interannual variation
As might be expected in an arctic marine system, seasonal
variation is extreme. Both the zooplankton and seabird commu-
nities undergo seasonal progression in species-composition or
abundance or both (Gall et al., 2013; Questel et al., 2013). The
zooplankton community shifts in species-composition from July/
August to August/September, then begins to shift in September/
October back toward the July/August pattern (Questel et al., 2013).
The seabird community also shifts in a similar fashion, with the
community shifting in species-composition from July/August to
August/September, then beginning to shift in September/October
back toward the July/August pattern (Gall et al., 2013).
Also as might be expected in an arctic marine system, inter-
annual variation in some ecosystem components is extreme. Seaice varied interannually from impassible, heavy ice in 2008 to ice-
free conditions by the time we began sampling in 2009; water
temperatures varied accordingly. 2010 was an intermediate year
with ice nearby early in the open-water season but rapid loss of ice
and warming of the water shortly thereafter. Reﬂecting these
dramatic changes in water temperatures and patterns of ice melt-
off, zooplankton communities varied dramatically among years in
terms of the numerically dominant taxa, density and biomass of
the major planktonic groups, and sizes of individuals
(Questel et al., 2013). Similarly, the seabird community varied
dramatically in abundance among years, as did the community
structure (Gall et al., 2013). Surprisingly, the interannual
changes in ice coverage did not result in dramatic interannual
differences in the abundance of some pagophilic marine-mammal
species such as walruses and bearded seals; however, the loss of
ice from 2008 to 2009 resulted in a substantial decline in the
abundance of ringed and spotted seals. Benthic invertebrate
macrofauna also showed substantial differences among years
and study areas in density and the number of taxa (Blanchard
et al., 2013a).
4.3. Comparison with other areas
The northeastern Chukchi Sea shelf has a mean annual primary
production of only ~80–90 g C m−2 yr−1 (Hill and Cota, 2005;
Grebmeier et al., 2006a). This estimated productivity is consider-
ably lower than that in the middle and outer shelves of the
southeastern Bering Sea (166 and 162 g C m−2 yr−1, respectively;
Walsh and McRoy, 1986), along the shelf-break of the southeastern
Bering Sea (200 g C m−2 yr−1; Hansell et al., 1989), in the vicinity of
Bering Strait (324–470 g C m−2 yr−1; Sambrotto et al., 1984;
Springer et al., 1996), and in the Hope Basin of the southern
Chukchi Sea (~470 g C m−2 yr −1, with areas of up to
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Grebmeier et al., 2006a).
In spite of the lower primary production in the northeastern
Chukchi Sea than in areas farther south, other ecosystem attri-
butes suggest both high transfer efﬁciency for energy ﬂow to the
benthos and, presumably, the advection of carbon into the region
via the central Channel ﬂow. For example, the mean (wet-weight)
biomass of benthic macrofauna in Burger and Statoil (300–
350 g m−2) is similar to or greater than the mean biomass in the
middle shelf of the southeastern Bering Sea (~125–330 g m−2;
Iverson et al., 1979) and the northern Bering Sea's Chirikov Basin
(300–400 g m−2; Grebmeier et al., 2006a) but lower than the
mean biomass in the Hope Basin (500–1400 g m−2; Grebmeier
et al., 2006a). In fact, the benthic macrofaunal community in the
vicinity of eastern Hanna Shoal and Barrow Canyon is one of two
areas with the highest benthic macrofaunal biomass in the
entire Chukchi Sea (Grebmeier et al., 2006a). In addition, the
biomass of benthic megafauna in our study area is similar to or
higher than that recorded in prior investigations in the Chukchi
(Feder et al., 2005; Bluhm et al., 2009; Blanchard et al., 2013b).
However, some differences are apparent; for example, the biomass
of brittle stars at Burger is among the highest ever recorded in the
region.
Given the low overall productivity of the northeastern Chukchi
and the high energy ﬂow to the benthos, one would predict that
pelagically oriented taxa such as seabirds would be uncommon in
the offshore Chukchi; that actually seems to be the case. The
overall mean (uncorrected) density of ~2.8 birds km−2 for all birds
combined across all areas, cruises, and years in the northeastern
Chukchi, with a maximum of 17.2 birds km−2 in Klondike in 2009
(Gall et al., unpublished data), is considerably lower than estimates
of 20.0 birds km−2 for the southeastern Bering Sea shelf (12 most
common species only; Jahncke et al., 2008), 29.1 birds km−2 for the
northern Bering Sea (5.5–66.2 birds km−2, depending on the
water-mass; Day, 1992), 30–52 birds km−2 for the southern
Chukchi Sea (Divoky, 1987), 4.5–60.6 birds km−2 for the Hope
Basin, depending on the water-mass (Andrew and Haney, 1992),
and 20–28 birds km−2 for the northeastern Chukchi Sea (Divoky,
1987). Hence, seabird densities generally are lower in the north-
eastern Chukchi Sea than in areas in the Bering and southern
Chukchi seas that have much higher levels of primary productivity,
although densities occasionally approach those in areas farther
south. Similarly low densities of pelagic ﬁshes in the offshore
Chukchi (Norcross et al., 2013) also suggest that little energy ﬂows
into pelagic pathways.
These patterns of low primary productivity and high levels of
benthic (but not pelagic) consumers suggest that at least this part of
the northeastern Chukchi shelf has high rates of energy transfer to
benthic ecosystems and that high transfer efﬁciency to pelagic
ecosystems only occasionally occurs. Some additional carbon may
be available as a result of advection into the area by the Central
Channel ﬂow (e.g., phytoplankton and zooplankton from the Bering
Sea; Walsh et al., 1989, 1997) or productivity during the summer
resulting from uptake of regenerated nutrients. (Productivity using
regenerated nutrients presumably is accounted for in annual
estimates of primary productivity.). Additional carbon may come
from upwelling along the Chukchi shelf-break that is advected back
onto the shelf via canyons (e.g., Weingartner et al., 1998; Mathis
et al., 2012); however, our overall study area is so far from the shelf-
break that this scenario probably occurs only rarely. On the other
hand, the conditions under which high densities of pelagic-feeders
such as seabirds occur seem to be driven largely by warm condi-
tions (i.e., an “early” to “average” spring) and possibly increased
ﬂow of BSW that result in large numbers of large oceanic zoo-
plankton in the northeastern Chukchi. Hence, the pelagic pathway
becomes important only in some years.4.4. Unusual aspects of northeastern Chukchi Sea ecosystems
The evidence presented here presents compelling evidence for
two main ecosystems lying side-by-side in the northeastern
Chukchi Sea; however, both the demersal-ﬁsh community and
the seabird community have some unusual ecosystem-level attri-
butes. In addition, the entire system was more complex than we
had believed at the onset of this study.
The demersal-ﬁsh community exhibited two unusual attri-
butes: low overall abundance and small size-distribution of
demersal ﬁsh species. Although demersal ﬁshes showed a positive
association with environmental characteristics such as percent
gravel (Norcross et al., 2013), bottom temperatures clearly played
an important part in affecting biomass, species-richness, and
community composition in this region. Given the much greater
densities and biomass of benthic macrofauna in Burger and Statoil,
one would predict that the highest densities of demersal ﬁshes
would occur in those areas. Surprisingly, however, the highest
densities and species-richness of demersal ﬁshes occurred in
Klondike (Norcross et al., 2013). The most obvious explanation
for this unusual distribution is the fact that the bottom tempera-
tures in Burger and most of Statoil were only ~0.25 1C above the
freezing point of seawater and, hence, below the normal freezing
point of ﬁshes' blood (Feeney and Burcham, 1986; Chen et al.,
1997), with the pool of cold WW forming what appears to be a
strong thermal barrier to the penetration of these ﬁshes into these
two study areas. Others have suggested that the widespread rarity
of benthic-feeding ﬁshes in the Chukchi Sea has allowed predatory
invertebrates such as shrimps, crabs, snails, and sea stars to
become abundant and ﬁll that role (Grebmeier et al., 2006a;
Bluhm et al., 2009).
A second unusual aspect of the ecology of this region is that the
ﬁsh community consists of very small ﬁshes—ﬁshes 4150 mm
only rarely have been captured in our offshore study region, and
individuals of several species are o75 mm in length when 3 years
of age (Norcross et al., 2013). These small sizes contrast with the
much larger sizes of the same and other species in the nearshore
Chukchi Sea (Fechhelm et al., 1984). This small size and low
density of ﬁshes offshore may be why densities of both piscivorous
seabirds (Gall et al., 2013) and pelagic-feeding seals (Aerts et al.,
2013) are so low in our study region. Although it is unclear why
ﬁshes in this region are so small, other studies also have found
primarily small ﬁshes in the offshore Chukchi and Beaufort seas
(Barber et al., 1997; Mecklenburg et al., 2007; Logerwell et al.,
2010).
A third unusual aspect of the ecology of the northeastern
Chukchi Sea is the absence of a major component of seabird
communities in northern latitudes: seaducks, which are benthic-
feeders. Although we recorded a few seaducks over the 3 years of
the study (Gall et al., 2013), they formed an insigniﬁcant compo-
nent of the seabird community and almost always were seen
transiting the area, rather than sitting on the water and foraging
on the rich benthic communities found especially in Burger and
Statoil. This lack of seaducks contrasts strongly with the impor-
tance of the nearshore Chukchi Sea for migrating waterfowl (e.g.,
Oppel et al., 2009). The reasons why seaducks avoid this offshore
area containing a high benthic biomass are unclear, but water
depth cannot be one of them: waters where spectacled eiders
(Somateria ﬁscheri) winter in the Bering Sea (Petersen et al., 1999)
primarily are ~65 m deep (Lovvorn et al., 2003), so the
~40-m waters of the northeastern Chukchi Sea are not beyond
the diving ranges of seaducks.
In addition, this region has a great deal of complexity, far more
than we had expected when we began this study. It basically
operates within the pelagic–benthic food-web dichotomy, but
there is tremendous ecological variation in a small area: Klondike
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ecosystems are dramatically different. In addition, this is one of
the richest benthic communities in the world (Grebmeier et al.
2006a). These communities are dramatically affected by bathy-
metric variations and associated bottom-water characteristics and
movement. As the major food resource for the ecosystem, the large
spatial difference in benthic communities inﬂuence, to varying
extents, characteristics of other biological components. This region
also has unusual ecosystem features such as the exclusion of most
demersal ﬁshes from the pool of cold WW in Burger and Statoil,
making the main benthic predators in this region invertebrates
(e.g., crabs, shrimps, snails, sea stars) and pinnipeds (e.g., bearded
seals, walruses). Additional complexity is created by seasonal and
interannual variation in the areal extent of BSW and MW across
the study areas, resulting in a water-column community that is
highly variable seasonally and interannually. Finally, there is
conﬂicting spatial importance of temperatures via the warmer
Central Channel ﬂow and the colder WW, causing most species to
occur in abundance either in Klondike or in Burger and Statoil.5. Conclusions
Although one would expect the northeastern Chukchi Sea shelf
to be a fairly simple arctic ecosystem, it actually is unexpectedly
complex. Oceanographic differences between areas that are closely
spaced create dramatic ecological differences and complexity over
a scale of a few tens of kilometers (Fig. 24). Differences in physical
oceanography lead to differences in patterns of nutrients and
productivity, ocean acidiﬁcation, zooplankton communities, ﬂow
of energy to the benthos, and associated differences in benthic
communities and communities of demersal ﬁshes. These differ-
ences, in turn, lead to differences in upper trophic levels, with
pelagic-feeding seabirds and marine mammals more common in
areas associated with the Central Channel ﬂow and benthic-
feeding marine mammals more common away from this ﬂow.
The result is that the part of the overall study areas associated with
Klondike and western Statoil functions as a pelagic system and the
part associated with Burger and most of Statoil functions as a
benthic system. An important part of the ecology of the region is
the pool of cold WW that coincides spatially with the benthic
system. It appears that benthic communities in this region are
dense because it is a depositional environment with most carbon
ﬂowing to the bottom, but low densities of demersal ﬁshes
associated with this pool of WW also reducing predation pressure
from ﬁshes on these benthic communities. The result is that the
primary predators on benthic macrofauna in this region are
epibenthic invertebrates (e.g., crabs, shrimp, snails, sea stars) and
benthic-feeding marine mammals (e.g., walruses, bearded seals).
Finally, additional complexity occurs in the pelagic system, in that
the spatial extent and timing of occurrence of BSW varies
dramatically among seasons and years, resulting in extensive
spatial, seasonal, and interannual variability in the zooplankton
and seabird communities.
Pelagic communities in the northeastern Chukchi Sea are
poorly developed and depend primarily on the ﬂow of zooplank-
ton from areas farther south (i.e., Bering Strait and the Bering Sea).
Consequently, interannual variability in zooplankton communities
is high, communities of pelagic-feeding ﬁshes are poorly devel-
oped and found primarily in areas affected by the Central Channel
ﬂow, seabird densities vary by more than 1 order of magnitude
among years, and densities of pelagic-feeding seals are low overall.
In effect, conditions that result in an abundance of large zooplank-
ton happen irregularly (we recorded such conditions in only 1 of
3 years), resulting in low overall densities of upper-trophic-level
pelagic consumers.Acknowledgments
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